Background: Flavonoids are documented for their potential anti-adipogenic, anti-inflammatory and anti-diabetic effects. Quercetin, one of the most abundant flavonoids in edible plants, was investigated for these effects in a diabetic mouse model (db/db, leptin receptor mutation) exerting early relevant clinical signs of non-insulin dependent diabetes mellitus, such as hyperglycemia, hyperinsulinemia, hypertriglyceridemia, hypoadiponectinemia and obesity. Materials & Methods: Female db/db mice (n = 24) were fed a flavonoid-poor maintenance diet without (C) or with the addition of quercetin (0.3 g/kg diet, Q) or rosiglitazone (4 mg/kg diet, TZD). Food and water were freely available during the 4 week feeding period. Thereafter, blood samples (fasted) were analyzed for glucose, insulin, triacylglycerols, non-esterified fatty acids, cholesterol, adiponectin and soluble intercellular adhesion molecule-1 (sICAM-1). Adiponectin mRNA levels were measured in adipose tissue. Furthermore, sICAM-1 release was investigated using tumor necrosis factor alpha stimulated EAhy926 cells. Results: Only TZD treatment reduced fasted plasma glucose, triacylglycerols and cholesterol and increased plasma adiponectin concentrations compared to groups C and Q. Adiponectin mRNA levels after quercetin treatment were not different from TZD-treatment or controls. Only quercetin treatment reduced sICAM-1 release in vitro and in vivo. Conclusions: Quercetin effectively reduced sICAM-1 release in the progressive diabetic state, revealing its anti-inflammatory potential in vivo.
Introduction
Obesity is associated with endocrine dysfunction of adipose tissue resulting in elevated secretion of pro-inflammatory cytokines [1] , oxidative stress [2] , and hypoadiponectinemia [3] contributing to the pathogenesis of insulin resistance [4] . Cytokines, such as tumor necrosis factor alpha (TNF-α), induce the expression and release of adhesion molecules (ICAM-1) in different cell types [5] . In chronic inflammatory diseases, the soluble ICAM-1 (sICAM 1) occurs in the circulation and can be used as a biomarker of inflammation [6] . Adiponectin, a 30-kDa protein, is the product of the ADIPOQ gene expressed exclusively in adipocytes [7] . Transcription of ADIPOQ is mainly regulated by the two transcription factors peroxisome proliferator-activated receptor gamma (PPAR-γ) [8] and CCAAT/enhancer binding protein (C/EBPα) [9] . Whereas reactive-oxygen species and proinflammatory cytokines negatively affect adiponectin expression and secretion, PPAR-γ agonists, n-3 polyunsaturated fatty acids and cannabinoid-1 receptor antagonists, induce adiponectin production [10] . Adiponectin (globular and full-length) promotes insulin signalling in skeletal muscle and liver. In skeletal muscle, both circulating forms of adiponectin stimulate 5'-AMP-activated kinase (AMPK)-dependent fatty acid oxidation and glucose uptake [10] . In liver, only full-length adiponectin activates AMPK, and thus reduces gluconeogenesis and increases fatty-acid oxidation [10] .
The thiazolidinedione rosiglitazone, a well established insulin-sensitizing drug and potent PPAR-γ-agonist, induces adiponectin secretion [10] , confers antioxidant effects [11] , induces fatty acid oxidation [12] and causes body weight gain [13] . However, drugs used for the treatment of obesity and insulin resistance in the past, including the thiazolidinedione rosiglitazone, have been associated with serious side effects (e.g. increased risk of non-fatal heart failure, associations with myocardial infarction, bone loss/fracture, and water retention) [14] . Consequently, the use of complementary and alternative medicine has increased tremendously in recent years [15] .
Flavonoids, a group of polyphenolic secondary plant compounds, have long been recognized for their health promoting effects [16, 17] . Data suggests that the flavonol quercetin (Figure 1 ) inhibits intestinal glucose transporter 2 (GLUT 2) [18] , improves glucose uptake in adipocytes [19] , inhibits adipocyte differentiation [19] and possesses anti-inflammatory and anti-oxidant properties [20, 21] . In rats fed a high-fat diet, quercetin stimulated adiponectin secretion [21] and increased adiponectin mRNA concentration in adipose tissue via a PPAR-γ-independent mechanism [21] . Epidemiological studies indicate an association between flavonoid intake and a reduced risk for certain chronic diseases, including diabetes mellitus and coronary heart diseases [22] . Thus, the aim of the present study was to investigate the adiponectin-inducing, anti-inflammatory and anti-obesity effects of quercetin in an obese, insulin resistant mouse model, and to compare these effects to a well known PPAR-γ-agonist. The db/db mouse is a well-established animal model for non-insulin dependent diabetes mellitus (NIDDM) in man, characterized by pronounced obesity already by the age of 6 weeks, accompanied by fasted hyperglycemia and hyperinsulinemia [23] .
Materials & Methods

Animals and Diets
Female db/db mice (BKS.Cg-m+/+Lepr<db>/J) (n = 24, initial body weight 30.4 ± 0.6 g, Charles River Laboratories, Brussels, Belgium) were housed in cages with sawdust-covered solid flooring in a controlled environment (22˚C ± 2˚C, humidity 65%) with a 12-h light/dark cycle. Mice are homozygous for spontaneous mutation in the db gene (Lepr db ) causing uncontrolled rise in blood sugar, severe depletion of pancreatic β-cells and death by 10 months of age. Animals had free access to food and tap water. During the first week, all animals were fed a flavonoid poor diet (C1000 control diet, Altromin GmbH, Lage, Germany, Table 1 ) without additives; thereafter animals were randomly assigned to one of the three groups and received the same flavonoid poor diet without (C) or with the addition of rosiglitazone (4 mg/kg diet, TZD. Avandia ® , GlaxoSmithKline, Munich, Germany) or of quercetin (0.3 g/kg diet, Q; quercetin-dihydrate, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) for 4 weeks. Diets were prepared weekly, stored in the dark at −18˚C and gently thawed at room temperature just before being administered (daily at the beginning of the dark phase; removal of food residuals). Body weights were monitored weekly. After 4 weeks, blood was collected from the tail vein for glucose measurements (HemoCue ® System, HemoCue GmbH, Grossostheim, Germany) and to obtain plasma samples in EDTA tubes (2.6 mL, Sarstedt AG & Co., Nürnbrecht, Germany) in the 12-h fasted state at the end of the dark phase. Thereafter, animals were sacrificed under anesthesia (CO 2 ) by decapitation and all tissues and organs were immediately dissected, snapfrozen in liquid nitrogen and stored at −86˚C. Fresh weight of liver and peri-uterine adipose tissue was determined before freezing. Institutional and national guidelines for the care and use of animals were followed. Animal experiments were approved by the Ministry of Agriculture, the Environment and Rural Areas of Land Schleswig-Holstein, Germany (No. V 312-72241.121-25).
Determination of Plasma Metabolites and Hormones
Plasma triacylglycerols (TG), non-esterified fatty acids (NEFA) and total cholesterol were quantified spectrophotometrically (Konelab 20i, Konelab Corporation, Espoo, Finnland) using commercially available kits (TG, cholesterol: Thermo Fisher Scientific GmbH, Dreieich, Germany; NEFA: WAKO Chemicals, Neuss, Germany). Plasma concentrations of insulin, adiponectin and sI-CAM-1 were measured by enzyme linked immuno sorbent assay (ELISA) using commercial kits (insulin: ELISA Kit, DRG Diagnostics, Germany; adiponectin: ELISA Quantikine ® mouse Adiponectin/Acrp30, R&D Systems GmbH, Wiesbaden, Germany sICAM-1: Quantikine ® mouse ELISA sICAM-1, R&D Systems GmbH, Wiesbaden, Germany).
RNA Isolation and Real-Time Quantitative RT-PCR
Frozen adipose tissue (peri-uterine) was ground in a cryo mill (A11 basic, IKA, Staufen, Germany). Total RNA was isolated from tissues according to manufacturer's (Qiagen, Hilden, Germany) protocols using the RNeasy ® Lipid Tissue Mini Kit. RNA was quantified spectrophotometrically at 260 nm (DU 800 Spectrophotometer, Beckman Coulter GmbH, Krefeld, Germany) and RNA quality was assessed by a denaturing agarose gel electrophoresis stained with ethidium bromide. One-step real-time quantitative RT-PCR was performed using the Rotor-Gene 6000 device (Corbett Life Science, LFT Labortechnik GmbH & CoKG, Wasserburg/B, Germany) and Sensi-Mix PCR kits (Quantance, Berlin, Germany). mRNA concentrations of the target gene (adiponectin) were related to mRNA concentrations of the housekeeping gene β-actin. Primers (Table 2) were designed using Primer3 software (version 0.4.0, open source) and purchased from MWG (Ebersberg, Germany). Reaction parameters were: 30 min at 49˚C (reverse transcription), 10 min at 95˚C (hold, 3-step cycling), 15 s at 94˚C (denaturation), 30 s at 55˚C (annealing), and 30 s at 72˚C (extension, 40 times). All measurements were performed in duplicates and efficiency of the PCR was between 90% and 100%.
Cell Culture
EAhy926 endothelial-like cells were kindly provided by Dr. Edgell (University of North Carolina, Chapel Hill, USA) and cultured in Dulbecco's modified Eagles Medium containing glucose (4 g/L), supplemented with Lglutamine (2 mmol/L), fetal bovine serum (10%), penicillin (100 mU/mL) and streptomycin (100 µg/mL). This cell line was obtained by fusion of human umbilical vein endothelial cells (HUVEC) with the permanent human lung carcinoma cells A549 and possesses characteristics of endothelial cells 24. Cells were grown in a humidified incubator at 37˚C with 5% CO 2 . Confluent cells were split using a trypsin/EDTA mix. sICAM-1 release in EAhy926 cells. For determination of sICAM-1 in TNF-α-stimulated endothelial cells, 200.000 EAhy926 cells/well were seeded in a twelve-well plate. After 24 h cultivation, the culture medium was replaced with a medium containing quercetin (25 µmol/L) or TZD (1 µmol/L, Biozol Diagnostics, Eching, Germany). This TZD concentration was proven to activate PPAR-γ in a reporter gene assay using Dimethyl sulfoxide (0.1%) as negative control. Quercetin and TZD concentrations tested in these cells had no adverse effects on cell viability (determined by neutral red assay). After 24 h of incubation, the medium was aspirated and the cells washed once with pre-warmed PBS to completely remove test substances. Subsequently, PBS was replaced and cells were stimulated for 24 h with 1 ng/mL human TNF-α (Invitrogen GmbH, Karlsruhe, Germany). Thereafter, supernatants were collected and aliquots stored at −80˚C for sICAM-1 analysis. sICAM-1 concentrations of supernatants were assessed by commercial sandwich ELISA (Quantikine ® Human ELISA sICAM-1/CD54, R&D Systems GmbH, Wiesbaden, Germany). The undiluted samples were applied to a 96-well plate with immobilized monoclonal antibodies against human sICAM-1. ELISA was performed according to the manufacturer's protocol. For the determination of sICAM-1, three independent experiments in triplicate were carried out.
Statistical Analysis
Results are reported as means with the standard error of the mean (SEM). Statistical analysis was performed using GraphPad Prism (GraphPad Software Inc., Version 4.01, 2004, San Diego, USA). Comparisons of group means were performed by 1-way ANOVA with subsequent Tukey's Multiple Comparison Test or 2-way ANOVA with Bonferroni post tests as indicated. Significance was set at P < 0.05.
Results
Plasma Parameter
Four weeks of oral quercetin treatment of female db/db mice reduced plasma sICAM-1 concentrations compared to controls ( Table 3) . sICAM-1 concentrations also tended (P < 0.058) to be lower in the quercetin-treated group compared to in the TZD-treated group ( Table 3 ). In contrast to TZD treatment, quercetin treatment did not result in reduced fasting plasma glucose, TG or cholesterol levels compared to controls ( Table 3) . While fasting plasma insulin concentrations were not different between treatment groups, plasma adiponectin concentrations were nearly 3-fold higher in TZD-treated mice compared to controls or quercetin treated animals ( Table 3) . Both TZD and quercetin treatment lowered fasting plasma NEFA concentrations compared to controls. 
Body Weight, Liver and Peri-Uterine Fat Mass and Adiponectin Expression in Adipose Tissue
In all dietary groups, animals continuously gained body mass during the feeding period (Figure 2 ), but after 3 and 4 weeks body weight was higher in the TZD group compared to groups C and Q (Figure 2 ). Quercetin and control mice did not differ with respect to body weight (Figure 2) . For body weight gain, a 2-way ANOVA indicated that treatment (17.86%, F = 18.79, P < 0.0001), duration of treatment (44.19%, F = 39.21, P < 0.0001) as well as interaction (4.8%, F = 2.13, P < 0.0421) between treatment and the duration of treatment were significant. No differences were observed in liver weight between treatment groups (Table 3) , while in the TZD-treated group peri-uterine fat mass was reduced by about 22% compared to controls and by 28% compared to quercetin treatment (Figure 2, inset) . This reduction in peri-uterine fat mass in the TZDtreated group was accompanied by higher adiponectin mRNA concentrations when compared to controls only (Figure 3). 
sICAM-1 Release in Stimulated EAhy926
Endothelial Like Cells
The No sICAM-1 was detected in the supernatant of unstimulated EAhy926 endothelial cells. However, stimulation of EAhy926 cells with TNF-α for 24 hours markedly increased the release of sICAM-1. While TZD had no effect on sICAM-1 release in stimulated EAhy926 cells, quercetin reduced the release of sICAM-1 by 37% (Figure 4) .
Discussion
In the present study, we aimed to investigate potential anti-inflammatory, anti-adipogenic and glucose lowering effects of orally supplemented quercetin in a diabetes mouse model (db/db mice). The db/db mouse has been extensively used to study NIDDM [25] and is characterized by early signs of NIDDM, e.g. hyperglycemia, hyperinsulinemia, hypertriglyceridemia, hypoadiponectinemia and obesity [23] . In vitro studies in 3T3-L1 preadipocytes have indicated anti-adipogenic effects of the flavonol quercetin, suggesting inhibition of differentiation [26, 27] and TG accumulation [27] . Oral quercetin supplementation has also been shown to reduce visceral adipose tissue in C56BL/6J mice and obese Zucker rats fed a high-fat/high-sucrose diet for 20 [28] and 10 weeks [29] , respectively. However, in the present study, 4 weeks of oral quercetin supplementation in db/db mice had no effect on body weight and rather increased periuterine adipose tissue. Although these results are in contrast to the aforementioned studies, data from further experiments using quercetin as an oral supplement support our findings. Indeed, previous studies in rats fed a high-fat diet [21] , in healthy mice [30] and in streptozotocin-induced diabetic rats [31, 32] revealed no impact of quercetin on body weight gain. Additionally a 2-year study in healthy male and female F344/N rats demonstrated that quercetin had no effect on body weight unless it was given at a concentration of 4% in the diet for at least one year [33] . Differences between studies are likely due to the quercetin dose, duration of treatment, species used and choice of model. We have chosen the db/db mouse as a model of diabetes because it reliably reflects the development of insulin resistance towards progressive β-cell failure with hyperglycemia as found in human NIDDM. Based on the results from the present study in db/db mice and previous studies in other animal models of obesity [28, 29] , we conclude that the effects of quercetin are not anti-adipogenic. Rosiglitazone, a member of the thiazolidinediones and a well-established insulin-sensitizing drug, is known to increase body weight [34] . Thus anti-diabetic effects of rosiglitazone are not based on anti-adipogenic properties. In the present study, rosiglitazone induced an expected increase in body weight in db/db mice compared to controls. However, the body weight increase was accompanied by higher circulating adiponectin concentrations and by smaller peri-uterine fat pad sizes, suggesting that rosiglitazone treatment might induce a change in adipose tissue distribution. Redistribution of adipose tissue has been observed in rodents as well as in humans [35] . Present data suggests that the type of adipose tissue has an impact on adipokine secretion and insulin sensitivity and thus might be more relevant than total body weight or total body fat mass. Although oral quercetin supplementation may exert antidiabetic effects by increasing plasma adiponectin concentrations in high fat diet-fed rats [21, 36] and mice [28] the same dose was ineffective in inducing adiponectin mRNA and plasma concentrations in db/db mice after 4 weeks of treatment. Obesity and insulin resistance both have a mild chronic inflammation in common, often accompanied by elevated TNF-α secretion from adipose tissue. Although controversial, TZD treatment has been shown to exert antiinflammatory and cardiovascular protective effects due to the suppression of cytokine release [37] . In the present db/db mouse study, in contrast to TZD-treatment, quercetin-treatment clearly inhibited sICAM-1 release compared to controls, which might be due to inhibition of TNF-α or nuclear factor-kappa B (NFκB)-signaling [38] . Data from this study suggests that anti-inflammatory effects are, at least in part, due to the inhibition TNF-α signaling. We demonstrate herein that in vitro quercetin (25 µmol/L) inhibited TNF-α-induced sICAM-1 release by 37% in EAhy926 cells and by 22% in db/db mice fed a diet containing 0.3 g quercetin/kg for 4 weeks. In the present study, TZD, which previously failed to reduce TNF-α mRNA concentrations in white adipose tissue of db/db mice [39, 40] , neither inhibited sICAM-1 release in vitro nor in vivo. These results suggest that the effects of TZD are not based on TNF-α-inhibition.
In summary, oral quercetin effectively reduced sICAM-1 release in vitro and in db/db mice and thus might exert anti-inflammatory effects also in the progressive diabetic state. Feeding a flavonoid poor maintenance diet containing 0.3 g quercetin/kg diet over 4 weeks, however, did not exert glucose-lowering or adiponectin-inducing effects in db/db mice.
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